The Suppressor of forked (Su(f)) protein of Drosophila melanogaster is a homologue of the 77K subunit of human cleavage stimulation factor required for cleavage of pre-mRNAs before addition of poly(A). We have previously shown that the Su(f) protein is not ubiquitously distributed: it accumulates in dividing cells at various stages of Drosophila development. In this paper, we show that phenotypes of su(f) temperature-sensitive mutants result from a defect in cell proliferation. Analysis of the mitotic phenotype of su(f) temperature-sensitive alleles in larval brain and in imaginal discs reveals an increase in the number of metaphases with overcondensed chromosomes and asymmetric or reduced mitotic spindles. In contrast, neural differentiation in eye imaginal discs of the same mutant flies does not appear to be affected. These results indicate that su(f) is required during cell division for progression through metaphase. Taken together, these data suggest that a decrease in su(f) activity preferentially affects 3′-end formation of particular mRNAs, some of which are involved in mitosis, and are in agreement with a role of su(f) in the regulation of poly(A) site utilization.
Introduction
The mechanisms associated with the regulation of gene expression in eukaryotes are remarkably diversified and recent data have provided more evidence that mRNA 3′-end processing can be regulated and is a useful device to regulate gene expression (Proudfoot, 1996; Edwalds-Gilbert et al., 1997; Gautheret et al., 1998; Colgan and Manley, 1997) . One possible level of regulation of mRNA 3′-end formation is the regulation of poly(A) site choice.
The mRNA 3′-end-processing reaction occurs in two steps: the cleavage of the precursor RNA and the poly(A) addition to the upstream cleaved molecule (reviewed in Wahle and Keller, 1996; Colgan and Manley, 1997; Keller and Minvielle-Sebastia, 1997) . In mammalian pre-mRNAs, two sequence elements are required for the reaction: the highly conserved poly(A) signal, AAUAAA, located upstream of the poly(A) site, and a downstream variable GU-rich or U-rich region. Several multisubunit factors interact to form a complex on the pre-mRNA prior to the cleavage and polyadenylation reactions. Among these factors, the cleavage and polyadenylation specificity factor (CPSF) recognizes the poly(A) signal, and the cleavage stimulation factor (CstF) which is required for the cleavage reaction only, stabilizes the interaction of CPSF with the poly(A) signal via protein-protein interactions and protein-RNA interactions. Human CstF consists of three subunits of 77 kDa, 64 kDa and 50 kDa (Takagaki et al., 1990) . Interaction between CstF and the precursor RNA occurs through the 64 kDa subunit which binds to the GU-rich sequence downstream of the poly(A) site (MacDonald et al., 1994) . The 77 kDa subunit of CstF bridges the other two subunits of the complex (Takagaki and Manley, 1994) , and also interacts with the largest subunit of CPSF (Murthy and Mechanisms of Development 82 (1999) [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] 0925-4773/99/$ -see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved. PII: S0925-4773(99)00011-8 Manley, 1995) . Several lines of evidence indicate that CstF has a role in the regulation of poly(A) site selection. CstF binds to downstream GU-rich elements which are very variable between poly(A) sites, and the efficiency of poly(A) sites depends on the stability of complexes formed between CstF and the GU-rich elements (Weiss et al., 1991) . In addition, shift in the choice of poly(A) sites in the immunoglobulin heavy chain genes appears to result from cell type-specific variations in CstF activity (Edwalds-Gilbert and Milcarek, 1995; Yan et al., 1995; Takagaki et al., 1996) .
The Su(f) protein of Drosophila is a homologue of the 77 kDa (77K) protein of CstF (Takagaki and Manley, 1994) . The two proteins are 56% identical and 69% similar, and homology extends over their entire lengths. The Su(f) protein is also homologous (26% identity and 47% similarity) to the yeast RNA14 protein (Mitchelson et al., 1993) , a subunit of yeast cleavage factor I which is required for the cleavage and polyadenylation reactions in yeast (MinvielleSebastia et al., 1994) . These homologies suggest a role for the Su(f) protein in mRNA 3′-end formation probably as part of a CstF complex in Drosophila. Such a role for su(f) is also consistent with genetic and molecular data which indicate that mutations in su(f) affect the utilization of poly(A) sites in genes with inserted transposable elements (reviewed in O'Hare, 1995) .
We have previously shown that the Su(f) protein is not detected in all tissues: this protein specifically accumulates in dividing cells at various stages of Drosophila development . The fact that the levels of the Su(f) protein are not identical in all tissues could indicate that this protein is involved in regulation of the mRNA 3′-end-processing reaction (discussed in . This is consistent with the role of CstF in the regulation of poly(A) site choice. To understand the mechanism by which the Su(f) protein could regulate the cleavage and polyadenylation reaction in vivo, we studied the requirement of su(f) during Drosophila development. Previous developmental studies have shown that, null alleles of su(f) are lethal as first instar larvae (Perrimon et al., 1989; Lindsley and Zimm, 1992) and four temperature-sensitive alleles of su(f) have been used to show that su(f) has a role in larval, pupal (Dudick et al., 1974; Russel, 1974; Jürgens and Gateff, 1979) and ovarian development (Wilson, 1980; Lineruth and Lambertsson, 1986) . We used temperaturesensitive mutants to analyse the requirement of su(f) function in oogenesis and in imaginal disc and larval brain development and found that su(f) is required during the cell cycle, for progression beyond metaphase. We also found that, in the same mutants, the defect in cell cycle progression does not appear to be accompanied by defects in other developmental processes such as neuronal differentiation in the eye imaginal disc. These data indicate that a decrease in su(f) activity preferentially affects 3′-end formation of particular mRNAs, some of which are required during mitosis.
Results

Mutations at su(f) lead to a defect in cell proliferation
A phenotype of female sterility has been described for two su(f) temperature-sensitive alleles, su (f) ts67g and su (f) ts76a (Dudick et al., 1974; Wilson, 1980) . Adult ovaries consist of a number of ovarioles in which egg chambers at successive developmental stages are arrayed. At the tip of each ovariole, germ-line stem cells in the germarium divide continuously. The division of a germ-line stem cell gives rise to another stem cell and a cystoblast, which produces a progeny of 15 nurse cells and one oocyte. This cluster is surrounded by somatic cells the follicle cells to form the egg chamber (King, 1970 alleles, a 4-5 day shift of adult females to the restrictive temperature, 29°C, leads to arrested ovoposition as well as to altered ovarian morphology with disorganized egg chambers and a lack of follicle cells (Lineruth and Lambertsson, 1986; Wilson, 1980) . We analysed this phenotype in more detail using the enhancer-trap line BA37, in which the bgalactosidase protein is specifically expressed in follicle cells (Lemaitre et al., 1993) . Wild-type and su(f) ts67g females bearing the BA37 marker were raised at 25°C and shifted for 5 days to 29°C. X-Gal staining of ovaries from such females are shown in Fig. 1A ,B. The number of follicle cells is greatly reduced in mutant ovaries and these cells are organized in clusters suggesting that the cells present at the time of the shift begin to surround egg chambers. Their number is insufficient to surround every growing egg chamber, and follicular stalks between egg chambers are also absent. A depletion of follicle cells is also visible on DAPI-stained ovaries from su (f) ts67g females shifted to 29°C as pupae. Indeed, su (f) ts67g pupae transferred to 29°C eclose to give viable adults, but mitotically active tissues exhibit progressively stronger defects with increasing time spent at 29°C. The overall morphology of wild-type and mutant ovarioles from females shifted to 29°C 1 day before eclosion and kept at 29°C for 4 days before study is shown in Fig. 1C ,D. The first abnormality observed in mutant females shifted to 29°C 1 day before eclosion and dissected 4 days after eclosion, is a decrease in the number of follicle cells (compare Fig. 1E and Fig. 1F) . A defect is then observed on mitotic activity of germ-line cells. Ovaries from females shifted to 29°C 2 days before eclosion and DAPI-stained 5 days after eclosion show cysts that possess fewer than the normal number of 16 germ cells (Fig. 1G) . Ovarioles that are more strongly affected contain long egg chambers with a succession of polyploid nuclei (Fig. 1H) . It is possible that depletion of follicle cells prevents egg chamber formation. The final defect observed in mutant ovaries from females shifted 2 days before eclosion and kept for 5 days at 29°C is a premature polyploidization of germ cells. Polyploidization of germ cells normally occurs only when mitotic divisions have stopped and cysts with 16 cells are formed. In su(f) ts67g ovaries, polyploidization occurs prematurely in the germar-ium (compare Fig. 1I and Fig. 1J ). These data show that in su (f) ts67g mutant ovaries cell proliferation is altered whereas the capacity of germ cells to endoreplicate their DNA is not affected.
We next examined the defects in su(f) mutant larvae. For three su(f) temperature-sensitive alleles su (f) ts67g , su(f) madts and su(f) ts726 homozygous mutant larvae do not form puparia when they are shifted to 29°C before the end of the second instar (Dudick et al., 1974; Russel, 1974; Jürgens and Gateff, 1979) . su (f) ts67g early embryos shifted to 29°C develop into third instar larvae (identifiable by developed spiracles) and then die. Compared to wild-type ( Fig. 2A) , such larvae have imaginal discs that are very reduced in size (Fig. 2B ). The brain is also atrophied, both in the optic lobes and in the ventral ganglion. This phenotype is characteristic of cell cycle mutants and can result from a defect in cell proliferation. Fig. 2C shows that histoblasts remain unaffected in su (f) ts67g larvae raised at 29°C from embryogenesis. This is not surprising since histoblast proliferation starts after pupariation (Roseland and Schneiderman, 1979) . It has already been reported that early pupae homozygous for the su(f) ts726 allele, shifted to 29°C do not form abdominal cuticle and fail to eclose (Russel, 1974) . Abdominal cuticle derives from abdominal histoblasts. This suggests that altered su(f) function also prevents histoblast proliferation. The various phenotypes of su(f) mutants at different stages of development appear to result from a single defect in cell proliferation. We investigated whether su(f) is required for cell cycle progression.
The mitotic phenotype of su(f)
We examined mitoses in brains from su(f) ts67g mutant larvae. Early third instar wild-type and su (f) ts67g larvae were shifted to 29°C for 4-48 h. Brains were squashed and stained with orcein to visualize mitotic figures (Fig.  3A,B ). Fig. 3B shows that chromosomes are highly overcondensed in the su(f) ts67g mutant. We scored mitotic figures per microscope field. The results, shown in Fig. 3C , indicate that in su (f) ts67g mutant brains, the number of metaphases increases over the first 14-h shift to 29°C. The plateau, between 14-22 h, corresponds to a doubling of the number of metaphases in mutant brains compared to wild-type brains. This accumulation of metaphases is accompanied by a decrease in the number of anaphases. The ratio of metaphases to anaphases is 3.5 in wild-type and 10 in the su(f) ts67g mutant. After 22 h at 29°C, a decrease in the number of metaphases was detected. This can be explained by a loss of mitotic figures after an extended block in metaphase; chromosome overcondensation becomes too high for mitotic figures to be scored. This result is also observed after a 12-h treatment with colchicine, which provokes a block in metaphase by depolymerising microtubules (Gonzalez et al., 1991) . The significant increase in the number of metaphases, as well as the overcondensation of chromosomes, indicates a delay or a block in metaphase during the progress through mitosis in su(f) mutant cells. We confirmed this phenotype in a stronger su(f) background. Null alleles of su(f) die as first instar larvae (Perrimon et al., 1989) ; we therefore used the temperature-sensitive heteroallelic combination su (f) ts726 /su(f) L26 to analyse third instar larval brains. su (f) ts726 is a temperature-sensitive lethal allele (Jürgens and Gateff, 1979) and su (f) L26 is a deletion of the su(f) locus (Tudor et al., 1996) .
L26 females shifted as embryos to the restrictive temperature, die as first instar larvae, as do null su(f) mutant individuals (see Section 4). Mitotic figures in brains of third instar su (f) ts726 /su(f) L26 larvae, shifted to 29°C for 4-14 h, were scored and, again, twice the number of metaphases was obtained after 14 h at 29°C (2.75 ± 0.21 metaphases per microscope field in su (f) ts726 /su(f) L26 versus 1.20 ± 0.08 in the wild-type). These data indicate that cells undergoing cell cycle are delayed or blocked in metaphase when su(f) function is altered.
We observed mitotic figures in imaginal discs of su(f) ts67g mutant larvae using antibodies to visualize mitotic spindles and centrosomes, and chromomycine to reveal DNA. Wildtype and su(f) ts67g mutant late second instar larvae were shifted to 29°C for 24 h or for 3 days, and double immunostaining of imaginal discs was carried out. Similar results were obtained with both shifts. Examples of representative fields are shown in Fig. 4 . Wild-type metaphases are shown in Fig. 4A ,D,G. Two types of abnormal metaphases were observed in su (f) ts67g mutant imaginal discs. The first type is shown in Fig. 4B ,E. The mitotic spindles are bipolar, but they are asymmetric. Microtubules form distorted spindles around the chromosomes, some of those that radiate out from the poles of the spindle exhibit an incorrect orientation (arrow in Fig. 4E ). The second type of abnormal metaphase is shown in Fig. 4C ,F. The mitotic spindles are very reduced in size (arrow in Fig. 4C ), or are completely absent (arrowhead in Fig. 4C ). For both types of abnormal metaphases, the metaphase plate is disorganized and the chromosomes show a high degree of condensation (Fig. 4E,F) . In both cases, centrosomes seem to be normally located at the poles of the spindle (Fig. 4B,C) , however, because of the altered structure of the spindle, centrosomes are abnormally close to the condensed DNA (Fig. 4H) . Chromosome overcondensation is characteristic of mutations or drug treatments that delay the progression through mitosis (Gatti and Baker, 1989; Gonzalez et al., 1991) . The different types of mutant mitotic spindles could result either from a defect in spindle assembly or from a progressive degradation of microtubules after a long delay in metaphase. Indeed, the number of spindles which are reduced in size appears to increase at the expense of asymmetric spindles with increasing time spent at 29°C (11% of reduced spindles and 54% of asymmetric spindles after a 24-h shift versus 31% of reduced spindles and 29% of asymmetric spindles after a 3-day shift). The altered mitotic figures observed in su(f) ts67g mutant imaginal discs correlate with the increase in the number of metaphases in mutant larval brains. Taken together, these data suggest that progression through metaphase is impaired in su(f) mutant dividing cells.
Alteration of cell division patterning in the eye disc of su(f) mutants
Differentiation in the eye imaginal disc is initiated at the late second instar. It starts at the posterior edge of the eye disc and progresses toward the anterior edge as a wave marked by a depression in the apical surface of the epithelium: the morphogenetic furrow (MF). The onset of pattern formation is associated with a transient pause in cell cycle progression, and a transition from asynchronous cell divisions in the unpatterned epithelium anterior to the MF, to a synchronous wave of divisions behind it (Ready et al., 1976) . We identified mitotic cells in eye discs by using an antibody raised against a phosphorylated form of histone H3 that specifically reveals condensed chromosomes during M phase of the cell cycle (Nooij et al., 1996) . In wild-type eye discs, mitotic cells accumulate immediately anterior to the MF (Fig. 5A ). This mitotic domain reflects a first step in cell cycle synchronization just ahead of the MF (Thomas et al., 1994; Nakato et al., 1995) . Cells become synchronized in G1 phase in the MF (Thomas et al., 1994) and many mitotic cells are detected just posterior to the MF (Fig. 5A ). This second mitotic domain corresponds to the second wave of mitoses, in which cells that are not included in preclusters of photoreceptor precursors undergo a synchronous round of divisions (Ready et al., 1976) . In su(f) ts67g mutant larvae shifted for 3 days to 29°C, mitotic cells accumulate immediately anterior to the MF, but no mitotic cell is present posterior to the MF (Fig. 5B) . We confirmed this result by using double staining with anti-cyclin B and chromomycine. The cyclin B protein is required during the cell cycle for entry into mitosis. It accumulates in late G2 phase and early M phase and is rapidly degraded at the metaphase-anaphase transition (Murray et al., 1989; Whitfield et al., 1990; Ghiara et al., 1991) . In the eye-antennal imaginal disc, cyclin B is present in cells anterior to the MF that divide asynchronously and in cells undergoing the second wave of mitoses (Thomas et al., 1994) (Fig. 5C ). Fig. 5D shows that the second wave of mitoses is absent in eye discs of su(f) mutant larvae, since cells containing cyclin B are lacking posteriorly to the MF. This result can be explained if in the su (f) ts67g mutant, cells in the mitotic domain just anterior to the MF are arrested in metaphase and can neither enter (f) ts67g and wild-type third instar larvae. Mean number of (A, S) metaphases and (W, K) anaphases per microscope field, in brain squashes of wild-type and su(f) ts67g third instar larvae after a shift to 29°C. Larvae were raised at 25°C to early third instar and shifted 4-48 h to 29°C. For each point, 3-9 preparations were used and 15-25 fields were scored per preparation. Error bars designate ± 1 SE.
G1 phase in the MF, nor undergo a subsequent division in the second wave of mitoses.
We performed immunostaining with the anti-neural MAb 22C10 antibody (Fujita et al., 1982) to analyse neural differentiation in eye discs of su(f) ts67g mutant larvae. In the wild-type, the MAb 22C10 antigen appears about three columns of cells posterior to the MF, in dispersed single cells. More posteriorly and just ahead of the second wave of mitoses, the MAb 22C10 antigen is present in clusters of five photoreceptors (Tomlinson and Ready, 1987) (Fig. 5E ). Fig. 5F shows that in su(f) ts67g mutant eye discs, this pattern of the MAb 22C10 expression is not observed. The earliest cells that express the MAb 22C10 antigen are found at the MF and are already organized in clusters. The most immature ommatidial stages are missing. This phenotype is similar to the 'furrow-stop' phenotype of hedgehog mutants, where the lack of hh function provokes an arrest of MF progression. Cells that are posterior to the MF at the time larvae. (A-C) Mitotic spindles and centrosomes are revealed using antibodies against a tubulin (mouse antibody against chick a tubulin) (green), and against a Drosophila centrosomal protein (rabbit antibody Rb 188) (red). (D-F) Mitotic spindles and DNA are revealed using the antibody against a tubulin (green) and chromomycine (red). (G,H) Centrosomes and DNA are revealed using the Rb 188 antibody (red) and chromomycine (green). In C, the arrow indicates an example where the spindle has a reduced size, the arrowhead shows an example where the spindle is completely lacking. In E, the arrow shows a distorted spindle where microtubules radiate out from the poles with an incorrect orientation. Scale bar: 5 mm.
of its arrest continue to develop normally (Ma et al., 1993; Chanut and Heberlein, 1997) . Our result can also be interpreted as an arrest of MF progression soon after the shift of su (f) ts67g mutant larvae to the restrictive temperature. Cells undergoing mitosis anterior to the MF are blocked or delayed in metaphase and subsequently cannot enter the G1 phase in the MF. This would prevent the progression of the MF. Cells posterior to the MF at the time of the shift continue to develop and express the MAb 22C10 neural antigen up to the MF. A similar result was obtained with the temperature-sensitive heteroallelic combination su (f) ts726 /su(f)
L26
, after a 2-day shift to the restrictive temperature (data not shown). These data show that neural differentiation is not altered in su(f) mutant eye imaginal discs.
Cell death has been previously shown to occur in imaginal discs of the temperature-sensitive mutant, su (f) ts726 (Russel, 1974) . We therefore analysed the pattern of cell death in su (f) ts67g mutant eye discs by using acridine orange staining (Fig. 5G,H) . In wild-type eye discs, acridine orange staining reveals scattered cell death anterior to the MF and little posterior to it (Bonini et al., 1993) (Fig. 5G) . After a 3-day shift to 29°C, eye-antennal discs from the su(f) ts67g mutant show extensive cell death, mostly anterior to the MF and in the antennal part of the disc. In the posterior part of the disc, where cells differentiate, no increase of cell death is observed (Fig. 5H) . These data indicate that cell death occurs in the su(f) ts67g mutant eye disc and hat it is restricted to the mitotically active region of the disc.
Discussion
The su(f) gene is required for cell cycle progression
We have previously shown that the Su(f) protein accumulates in mitotically active cells at various stages of development, but does not accumulate at high levels in post-mitotic cells . Earlier developmental studies of su(f), using the temperature-sensitive lethal alleles su (f) ts726 (Russel, 1974) and su(f) madts (Jürgens and Gateff, 1979) have shown that su(f) mutant mitotic clones cannot be obtained. These data could be consistent with a role of su(f) in cell proliferation, and such a role for su(f) had been proposed (Wilson, 1980) . Using the su(f) ts67g temperature-sensitive lethal allele, we confirmed that su(f) is required for the proliferation of follicle and germ-line cells and for the proliferation of cells in imaginal discs and larval brain. We have determined that the mitotic phenotype of su(f) corresponds to a block or a delay in metaphase. Visualization of mitotic figures in brains of su(f) ts67g or su (f) ts726 /su(f) L26 mutant larvae reveals an overcondensation of chromosomes and a doubling of the number of metaphases. Overcondensation of chromosomes and accumulation of metaphasic figures are also obtained when neuroblasts are incubated with colchicine, an inhibitor of microtubule polymerization, which induces a metaphase block (Gonzalez et al., 1991) . Analysis of metaphases in su(f) ts67g mutant imaginal discs shows two types of abnormal mitotic spindles, either distorted or reduced in size. In all cases, the metaphase plate is disorganized. These aberrant metaphases could result from defects in mitotic spindle assembly or in attachment of chromosomes to spindle microtubules. Either of these defects would activate the spindle assembly checkpoint, leading to a delay in cell cycle progression and causing the metaphase arrest phenotype (reviewed in Hardwick, 1998) .
Acridine orange staining has shown that extensive cell death occurs in the mitotically active part of su(f) mutant eye-antennal discs. This suggests that, in these mutant discs, cell death is probably the consequence of mitotic arrest or delay. This corroborates other data showing that the treatment of animal cultured cells with anti-microtubule drugs generates prolonged mitotic arrest followed by apoptosis (reviewed in Sorger et al., 1997) .
Our results also show that whereas cell division is affected in su(f) mutants, other developmental processes are not altered. In su (f) ts67g ovaries, cell proliferation is arrested but germ cells retain the capacity to endoreplicate their DNA. In addition, we have tested the requirement of su(f) function in neural differentiation in the eye imaginal disc, as determined by the expression of the neural antigen MAb 22C10. In su(f) mutant eye discs, progression through mitosis is altered: metaphasic cells accumulate immediately ahead of the MF and the second wave of mitoses is lacking, whereas post-mitotic cells immediately posterior to the MF do not appear to be affected, even in the strong background su (f) ts726 /su(f)
L26
. These root-mitotic cells are able to produce the MAb 22C10 antigen up to the MF and cell death is not increased in this posterior region of the disc in the su(f) ts67g mutant.
Role of su(f) in regulation of mRNA 3′-end processing
Several data support the idea that the Su(f) protein is involved in mRNA 3′-end processing as part of Drosophila CstF. We have already proposed that differences in Su(f) protein levels between tissues would ensure a regulation of the 3′-end processing reaction. Two alternative models have been envisaged. In the first model, the Su(f) protein would be included into a sub-fraction of CstF complexes, only formed in mitotically active tissues. In the second model, the Su(f) protein would be a constant constituent of CstF and differences in Su(f) protein amounts between dividing and non-dividing tissues would allow regulation . Our study of su(f) mutant phenotypes concurs with a role of su(f) in a regulatory mechanism required during cell cycle progression. In the su(f) ts67g mutant as well as in su (f) ts726 /su(f) L26 heterozygotes, a mitotic phenotype of arrest or delay in metaphase was observed, whereas an alteration of neural differentiation in the eye disc was not. This suggests that 3′-end formation of particular mRNAs, some of which are required for progression through metaphase, are preferentially affected by a decrease in su(f) activity. Experiments are currently in progress to identify genes involved during metaphase, e.g. genes encoding components of the spindle apparatus whose mRNA 3′-end formation would be regulated by su(f) activity.
At least one line of evidence suggests that Su(f) is a constant constituent of CstF and that variations in its activity result in the regulation of poly(A) site utilization. In addition to affecting poly(A) site utilization in genes with inserted transposable elements, mutations in su(f) also affect poly(A) site use in the alcohol deshydrogenase (Adh) gene (Brogna and Ashburner, 1997) . The Adh and Adh-related genes are tandemly arranged and are transcribed as a dicistronic transcript. The amount of the dicistronic transcript depends on the utilization of the poly(A) site between the two genes and increases in su(f) 1 mutant flies (Brogna and Ashburner, 1997) . Given that in adult flies the Adh and Adhrelated genes are mostly expressed in the gut and in the fat body, which are post-mitotic tissues, this result suggests that su(f) has a role in mRNA 3′-end formation in non-dividing cells. According to this hypothesis, su(f) would be required for 3′-end processing of all mRNAs. The fact that neural differentiation remains unaffected in su(f) mutants and especially in the strong background su (f) ts726 /su(f) L26 could indicate that a low level or a weak activity of the Su(f) protein would be sufficient for 3′-end formation of most mRNAs. In contrast, 3′-end processing of some mRNAs involved in cell cycle progression would require a high amount of Su(f) protein and would be particularly sensitive to a decrease in su(f) activity, either as a result of a competition between alternative poly(A) sites, or the presence of a very weak poly(A) site. Another example of a poly(A) site in which utilization is affected by su(f) activity is one of the poly(A) sites in su(f) itself. This poly(A) site has a downstream GUrich element but it lacks the consensus poly(A) signal AAUAAA .
Control of gene expression by up regulation of a general poly(A) factor has already been proposed since the shift in poly(A) site choice in the immunoglobulin M heavy-chain gene during B cell differentiation, appears to result, at least in part, from variations in the amount of the 64 kDa subunit of CstF (Takagaki et al., 1996; discussed in Proudfoot, 1996) . Our results are in agreement with the conclusion that changes in the general factor CstF can regulate poly(A) site utilization and indicate that another subunit of CstF, the Su(f)/77K protein could be involved in such regulation.
Control of cell cycle progression depends mostly on regulation at the protein level, such as phosphorylation and dephosphorylation of cyclin-dependent kinases, association of these kinases with cyclins or with inhibitory subunits, rapid degradation of cyclins (reviewed in Solomon, 1993; Hunter and Pines, 1994; Morgan, 1995) . However, post-transcriptional regulation also appears to contribute to maintain the precise protein concentrations required for each phase of the cell cycle. The stability of cyclin B1 mRNA in HeLa cells changes during the different phases of the cell cycle, being the highest at the G2/M transition, when accumulation of the cyclin B1 protein reaches its peak (Maity et al., 1995) . Moreover, a recent study reveals the identity between the yeast gene PRP17 which participates in premRNA splicing and the cell cycle gene CDC40 which is needed for the maintenance or establishment of the mitotic spindle (Ben Yehuda et al., 1998) . This led the authors to propose that the PRP17/CDC40 gene regulates cell cycle progression through pre-mRNA splicing. Our results also suggest that a control of cell cycle progression occurs at the level of mRNA 3′-end processing.
Materials and methods
Fly strains
The su(f) alleles and balancer chromosomes used in this study are described by Lindsley and Zimm (1992 /FM6 females were crossed to y w a f su(f) ts726 /Y males at 18°C. Embryos (0-3-h-old) were collected and shifted to 29°C. Hatched embryos and second instar larvae were scored, 24 and 60 h after the shift, respectively. Seven hundred and eighty three embryos from this cross were shifted to 29°C, 87.7% of these embryos hatched, and 51.8% of these hatched embryos survived as second instar larvae. In a control experiment, su(f) L26 /FM6 females were crossed to wildtype males at 25°C. Eight hundred and four 0-3-h-old embryos were collected, 92% of these embryos hatched, and 73.7% of these hatched embryos survived as second instar larvae. These data are in agreement with a lethality at the first larval instar for the null allele su(f) L26 , as well as for the temperature-sensitive combination su (f) ts726 /su(f)
L26
at 29°C.
Histochemistry and antibody staining
X-Gal staining of ovaries and antibody staining (MAb 22C10 (Fujita et al., 1982) , 1/200; anti-cyclin B antibody raised in rabbit (Whitfield et al., 1990) , 1/200; anti-phosphorylated Histone 3 (Upstate Biotechnology), 1/1000) were performed as described by , except that fixation of imaginal discs stained with anti-phosphorylated Histone 3 was in PBT, 7% formaldehyde for 25 min. Detection of mitotic spindles, centrosomes, and chromosomes was carried out as described by Audibert et al. (1996) . Nuclear staining with DAPI was carried out on ovaries dissected in PBS and fixed in PBS, 0.5% glutaraldehyde for 4 min. After permeabilization in PBS, 1% Triton X-100 for 30 min, ovaries were incubated in PBS 3×, 0.5 mg/ ml DAPI for 3 h and then washed in PBS 3× overnight at 4°C. Mounting was in Citifluor. Acridine orange staining was carried out as described by Bonini et al. (1993) .
Larval brain squashes
Brains of third instar larvae were treated as described by Gonzalez and Glover (1993) . Preparations were observed with 100× phase contrast objective, and mitotic figures were scored.
